The objective of this study was to determine lactation performance responses of high-producing dairy cows to a reduced-starch diet compared with a normal-starch diet and to the addition of exogenous amylase to the reduced-starch diet. Thirty-six multiparous Holstein cows (51 ± 22 DIM and 643 ± 49 kg of body weight at trial initiation) were randomly assigned to 1 of 3 treatments in a completely randomized design: a 3-wk covariate adjustment period during which the cows were fed the normal-starch diet, followed by a 12-wk treatment period during which the cows were fed their assigned treatment diets. The normal-starch TMR did not contain exogenous amylase (NS-). The reducedstarch diets, formulated by partially replacing corn grain with soy hulls, were fed without (RS-) and with (RS+) exogenous amylase added to the TMR. Starch and NDF concentrations averaged 27.1 and 30.6%, 21.8 and 36.6%, and 20.7 and 36.6% (dry matter basis) for the NS-, RS-, and RS+ diets, respectively. Dry matter intake for cows fed the RS-diet was 2.4 and 3.2 kg/d greater than for cows fed the NS-and RS+ diets, respectively. Intake of NDF ranged from 1.19 to 1.52% of body weight among the treatments, with the RS-diet being 28% greater than the NS-diet and 13% greater than the RS+ diet. Milk yield averaged 50.4 kg/d and was unaffected by treatment. Fat-corrected milk yield was 2.9 kg/d greater for cows fed the RS-diet than for cows fed the NS-diet. Body weight and body condition score measurements were unaffected by treatment. Fat-, solids-, and energy-corrected milk feed conversions (kilograms/kilogram of DMI) were 12 to 13% greater for cows fed the RS+ diet than for cows fed the RSdiet. Dry matter and nutrient digestibilities were lowest for cows fed the NS-diet and greatest for cows fed the RS+ diet, and were greater for cows fed the RS+ diet than for cows fed the RS-diet, with the exception of starch digestibility, which was similar. Greater conversion of feed to milk for dairy cows fed reduced-starch diets that include exogenous amylase may offer potential for improving economic performance.
INTRODUCTION
The optimum starch content of diets for lactating dairy cows is not well defined, but 24 to 26% starch (DM basis) has been suggested (Staples, 2007) . Kaiser and Shaver (2006) and Bucholtz (2006) , from surveys of high-producing commercial dairy herds in Wisconsin and Michigan, respectively, reported dietary starch concentrations ranging from 25 to 30% (DM basis). High corn prices have heightened the interest in feeding reduced-starch diets. Results from short-term dairy cattle feeding trials suggest that reduced-starch diets formulated by partially replacing corn grain in diets with high-fiber, low-starch byproduct feedstuffs may be feasible (Batajoo and Shaver, 1994; Stone, 1996; Ipharraguerre and Clark, 2003; Voelker and Allen, 2003a ), but longer-term lactation trials and trials with higher producing cows are warranted.
Starch contributes approximately 50 and 75% of the energy value of corn silage and grain, respectively (calculated from NRC, 2001). Thus, improving corn starch utilization can reduce feed costs by reducing corn in diets or increase income by increasing milk production. Total tract digestibility of starch by dairy cows is highly variable, ranging from 70 to 100% (Firkins et al., 2001) . Various feed-related factors influence the digestibility of corn starch by dairy cows; such factors include grain particle size; processing method; harvest and storage method; harvest maturity and moisture content and endosperm type; and corn silage maturity, chop length, kernel processing, and endosperm type (Nocek and Tamminga, 1991; Johnson et al., 1999; Firkins et al., 2001) . Some exogenous enzymes are resistant to ruminal degradation (Hristov et al., 1998) and thus may offer potential for improving diet digestibility and animal performance. Klingerman et al. (2009) reported that adding exogenous amylase to a normal-starch diet (26% of DM) increased milk yield by dairy cows; positive in vitro and in vivo digestibility responses to exogenous amylase were also observed. These results suggest that the addition of exogenous amylase to dairy cattle diets merits further study.
The objective of this study was to determine DMI, total tract digestibility, and lactation performance responses in high-producing dairy cows to 1) a reducedstarch diet compared with a normal-starch diet formulated by partially replacing corn grain with soy hulls, and 2) addition of exogenous amylase to the reducedstarch diet.
MATERIALS AND METHODS
Thirty-six multiparous Holstein cows (51 ± 22 DIM and 643 ± 49 kg of BW at trial initiation) were randomly assigned to 1 of 3 treatments in a completely randomized design: a 3-wk covariate adjustment period during which cows were fed the normal-starch diet, followed by a 12-wk treatment period during which cows were fed their assigned treatment diets. Ingredient composition of the experimental diets is provided in Table 1 . The normal-starch TMR did not contain exogenous amylase (NS-). The reduced-starch diets were fed without (RS-) and with (RS+) the addition of exogenous amylase to the TMR. A liquid amylase formulation, Ronozyme RumiStar (lot # AUN01024 and AUN01028) with an amylase activity of 240 kilo novo units (KNU)/g (DSM Nutritional Products, Basel, Switzerland; Novozymes, Bagsvaerd, Denmark) was used for this study. The targeted dosage of 300 KNU/kg of TMR DM was achieved by adding a mixture of 2.23 mL of the stock amylase solution (1.25 g/mL) and 8.9 mL of water per kilogram of concentrate (as fed basis) by hand using a sprinkler can as the RS+ concentrate was being mixed in the TMR mixer. After mixing for 3 min, the forages were added and the TMR was allowed to mix for another 3 min. Equivalent amounts of water with similar mixing procedures were used to prepare the NS-and RS-TMR. The RS+ TMR was prepared last to avoid mixer clean-out concerns related to the amylase treatment. The diluted amylase solution was prepared weekly and refrigerated between the daily applications. Samples of RS-and RS+ concentrate mixes were obtained following mixing with water or amylase solution, respectively, every 3 wk, stored at −20°C, and then sent to DSM Nutritional Products Analytical Services Center (Basel, Switzerland) for analysis of amylase activity (Jung and Vogel, 2008) . Determined amylase activities for the RS+ and RS-concentrates were 664.1 ± 81.1 and 2.3 ± 3.4 KNU/kg (as fed basis), respectively.
The animal research was conducted under an approved protocol by the Research Animal and Resource Center of the College of Agricultural and Life Sciences at the University of Wisconsin-Madison. The DIM at trial initiation for cows fed the NS-, RS-, and RS+ diets were 54 ± 24, 51 ± 20, and 50 ± 23, respectively. Injections with bST (Posilac, Monsanto Company, St. Louis, MO) were done every 14 d beginning the week before the start of the covariate period so that a weekly injection occurred during the first week of the treatment period for all cows. Cows were individually fed the TMR twice daily in tie-stalls for 5% refusal, and DMI was measured on individual cows throughout the 15-wk trial. Body weight and BCS (1-5 in 0.25 increments; Wildman et al., 1982) were recorded weekly throughout the 15-wk trial. Body weight change was calculated as the difference between the BW in the last week of the trial and the BW in the first week of the treatment period. Milk yield was recorded daily on individual cows milked twice daily throughout the 15-wk trial. Milk samples were obtained weekly from a.m. and p.m. milkings from all cows on the same 2 consecutive days throughout the 15-wk trial and were analyzed for fat, true protein, lactose, and MUN concentrations by infrared analysis (AgSource Milk Analysis Laboratory, Menomonie, WI) using a Foss FT6000 (Foss Electric, Hillerød, Denmark) with average daily yields of fat, protein, and lactose calculated from these data for each week. Yields of FCM, SCM, and ECM were calculated according to NRC (2001) FCM, SCM, and ECM feed conversions were calculated by week using average daily yield and DMI data. Estimated diet energy concentrations were calculated by adding the megacalories of NE L from milk production, required for maintenance, and in BW change (NRC, 2001) and then dividing the sum by DMI. Samples of TMR were obtained weekly and composited by 3-wk periods, and the composites were analyzed for DM, OM, CP, NDF, starch, sugars, ether extract, and particle size. Corn silage was sampled weekly and composited by 3-wk periods, and the composites were analyzed for DM, OM, CP, NDF, starch, particle size (Kononoff et al., 2003) , and processing score (Ferreira and Mertens, 2005) . The concentrate mixtures, corn grain, and alfalfa silage were sampled weekly and composited by 3-wk periods, and the composites were analyzed for DM, OM, CP, NDF, and starch. Particle size of alfalfa silage and TMR composite samples was determined as described by Kononoff et al. (2003) . Particle size of the concentrate mixtures and corn grain composite samples was determined at Cumberland Valley Analytical Services Inc. (Maugansville, MD) by dry sieving using Tyler Ro-Tap Shaker Model RX-29 (Mentor, OH) and sieves with 2, 380-, 1,680-, 1,191-, 841-, 594-, 420-, 297-, 212-, 150-, 103-, 73-, 53-, and 37 -μm apertures plus a bottom pan with mean particle size calculated using a log normal distribution (Baker and Herrman, 2002) . Ruminal in vitro NDF digestibility (30 h) on alfalfa and corn silage samples and starch digestibility (7 h) on corn grain and silage samples were determined at Cumberland Valley Analytical Services Inc. as described by Lopes et al. (2009) .
Total tract nutrient (DM, OM, CP, NDF, and starch) digestibilities were determined using 120-h indigestibile NDF as an internal marker. Six fecal grab samples were collected from each cow at 8-h intervals covering each 4-h clock period over 3 consecutive days during wk 8 of the treatment period. Ort samples were collected for each cow daily during the fecal sampling period. Treatment TMR samples were collected daily during the fecal sampling period. Treatment TMR, fecal, and ort samples were composited by period (TMR samples) or cow within period (ort and fecal samples) and the composite samples were analyzed for DM, OM, CP, NDF, starch, and 120-h indigestible NDF. Duplicate TMR, ort, and fecal composite samples were incubated for 120 h in rumen fluid using the in vitro procedure described by Goeser and Combs (2009) to determine 120-h indigestible NDF. Total tract nutrient digestibilities were calculated from 120-h indigestible NDF and nutrient concentrations in the orts-adjusted diet and feces.
All samples for determination of nutrient composition were dried at 60°C for 48 h in a forced-air oven to determine DM content, ground to pass a 1-mm Wiley mill (Arthur H. Thomas, Philadelphia, PA) screen, and composited before being sent to Dairyland Laboratories Inc. (Arcadia, WI) for analysis of OM (ashing at 600°C for 2 h), CP and ether extract (AOAC, 1995) , NDF using α-amylase and sodium sulfite (Van Soest et al., 1991) , starch (Bach Knudsen, 1997; YSI Biochemistry Analyzer, YSI Inc., Yellow Springs, OH), and sugars (Hall et al., 1999) .
Following measurement of refusal amounts on the last day of the experiment, cows were fed their respective treatment diets. Feed was withdrawn 12 h before the next day's feeding, and blood samples were collected into Vacutainer tubes (Becton Dickson, Franklin Lakes, NJ) from the coccygeal vein immediately before and 2 h after that feeding. Blood samples were centrifuged at 2,050 × g at 20°C for 20 min; serum was stored at −20°C until analyzed for insulin concentration (Porcine Insulin RIA Kit PI 12K, Linco Research Inc., St. Charles, MO).
Lactation performance data were analyzed as a completely randomized design with the data from the preliminary period as a covariate using PROC MIXED (SAS Institute, 2004) , with week of treatment as repeated measures using the first-order autoregressive covariance structure that provided the best fit according to Sawa's Bayesian information criterion. The model included treatment, week, and treatment by week interaction as fixed effects and cow within treatment as a random effect. There were no covariate or repeated measures effects included in the analysis of nutrient digestibility, serum insulin, BW change, or estimated diet energy concentration data. Degrees of freedom were calculated using the Kenward-Roger option. Means were determined using the least squares means statement, and treatment means were compared using the PDIFF option. Statistical significance and trends were considered at P ≤ 0.05 and P ≥ 0.06 to P < 0.10, respectively.
RESULTS AND DISCUSSION
The nutrient composition and particle size of forages and concentrates fed during the trial are presented in Table 2 . The corn and alfalfa silages were of good quality (NRC, 2001) . Normal-and reduced-starch concentrates were of similar CP content and differed by 12.4 percentage units for starch content. Diet nutrient composition (orts adjusted) and particle size are presented in Table 3 . The NS-diet was similar to the RS diets in CP content, but differed by 5.8 and 6.0 percentage units on average for starch and NDF contents, respectively. This was related to the partial replacement of dry shelled corn (8 percentage units less corn DM) with soy hulls in the RS diets. The RS diets were on average 5.3 percentage units lower in NFC than the NS-diet. Measurements for other nutrient concentrations and particle size were similar across the 3 diets.
Treatment effects on covariate-adjusted least squares means for DM and nutrient intakes are presented in Table 4 . The DMI for cows fed the RS-diet was 2.4 and 3.2 kg/d greater than for cows fed the NS-diet (P < 0.02) and the RS+ diet (P < 0.01), respectively. A similar treatment effect was observed for DMI, expressed as a percentage of BW. Stone (1996) reported a tendency for 1.9 kg/d greater DMI by lactating dairy cows when soy hulls partially replaced high-moisture corn (14 percentage units less corn DM) in diets fed to multiparous cows, but DMI in the other trials reviewed by Ipharraguerre and Clark (2003) was not increased (P > 0.10) by partially replacing grains with soy hulls. Beckman and Weiss (2005) reported greater DMI for lactating dairy cows fed reduced-starch diets with a mixture of soy hulls and cottonseed hulls partially replacing dry ground shelled corn (6 percentage units less corn DM). Reduced ruminal propionate concentration (Allen, 1997 ) may have increased meal size and thus DMI (Allen et al., 2009 ) for the RS-diet compared with the NS-or RS+ diets. Addition of exogenous amylase to normal-starch (26-27%) diets has been found to increase DMI and milk yield (Klingerman et al., 2009) or increase milk yield but not DMI (Tricarico et al., 2005) . To our knowledge, this is the first study on the addition of exogenous amylases to reduced-starch diets for determining effects on DMI and milk yield of Gehl Model 1085 forage harvester (West Bend, WI) fitted with kernel processor (1.9-cm theoretical length of cut; 2-mm roll clearance). dairy cows, and more research is warranted. Covariateadjusted least squares means by week of treatment for DMI (kilograms/day) are presented in Figure 1 ; there were week and week × treatment interaction effects (P < 0.01). We have no explanation for the observed interaction. The increase in DMI for cows fed the RSdiet compared with cows fed the NS-diet was greatest during wk 3 to 6 of treatment. Differences in DMI between cows fed the RS-diet and cows fed the RS+ diet were slightly more consistent across wk 3 to 12 of the treatment period. Treatment effects on OM and CP intakes were similar to those observed for DMI. Intake of NDF was greater (P < 0.01) and intake of starch was lower (P < 0.01) for cows fed the RS-diet than for cows fed the NS-diet. Intakes of both NDF (P < 0.01) and starch (P < 0.01) were greater for cows fed the RS-diet than for cows fed the RS+ diet and related to the greater DMI observed for the RS-diet at similar diet nutrient composition. A similar treatment effect was observed for NDF intake expressed as a percentage of BW, which ranged from 1.19 to 1.52% of BW among the treatments, with the RS-diet being 28% greater than the NS-diet and 13% greater than the RS+ diet. Mertens (1987) reported that daily NDF intake was 1.2 ± 0.l% of BW for diets that resulted in maximum FCM production and suggested that this NDF intake constant could be used in models to predict DMI of diets containing concentrate mixtures based on ground corn and soybean meal when the forage base consisted of alfalfa, corn silage, and coolseason grasses. Intake of NDF was within that range for the NS-diet. When Batajoo and Shaver (1994) fed lactating cows diets containing 33, 29, 24, and 18% starch using wheat middlings, dried brewers grains, and soy hulls to partially replace dry shelled corn and soybean meal, the resulting NDF intakes were 1.14, 1.30, 1.45, and 1.62% of BW. Although their normal-and highstarch diets fell within the range suggested by Mertens (1987) , the feeding of reduced-starch diets resulted in higher NDF intakes expressed as a percentage of BW in agreement with our findings herein. Clearly, dairy cows can increase their NDF fill when fed diets containing nonforage fiber sources, presumably in response to the inherently high fiber digestibility and rapid passage rate found for many of these ingredients (Firkins, 1997) , including soy hulls (Firkins, 1997; Ipharraguerre and Clark, 2003) .
Treatment effects on covariate-adjusted least squares means for lactation performance measurements are presented in Table 5 . Milk yield was unaffected by treatment (P > 0.10) and averaged 50.4 kg/d. This observation is in agreement with the review of Ipharraguerre and Clark (2003) regarding the partial replacement of grains with soy hulls. Furthermore, feeding reduced-starch diets did not affect milk yield in the tri- Treatments were normal-starch diet with no amylase added to TMR (NS-), reduced-starch diet with no amylase added to TMR (RS-), and reduced-starch diet with amylase added to TMR (RS+).
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Week and week × treatment interaction effects (P < 0.01) for all parameters. als of Batajoo and Shaver (1994) , Beckman and Weiss (2005) , and Dann et al. (2008) . Addition of exogenous amylases to normal-starch diets increased milk yield in the trials of Tricarico et al. (2005) , Harrison and Tricarico (2007) , and Klingerman et al. (2009) . Yield of FCM was 2.9 kg/d greater (P < 0.02) for cows fed the RS-diet than for cows fed the NS-diet and tended to be 2.0 kg/d greater (P < 0.10) for cows fed the RS+ diet than for cows fed the NS-diet. The yield of FCM was not affected by the partial replacement of grains with soy hulls (Ipharraguerre and Clark, 2003) or by feeding reduced-starch diets (Batajoo and Shaver, 1994; Dann et al., 2008) . Addition of exogenous amylases to normal-starch diets increased FCM yield in the trials of Tricarico et al. (2005) and Klingerman et al. (2009) . Similar treatment effects as those observed for FCM yield were observed for SCM, ECM, and milk fat yields. The SCM and ECM yields were unaffected by feeding reduced-starch diets in the trials of Dann et al. (2008) and Beckman and Weiss (2005) , respectively. The yield of ECM tended to be greater (P < 0.10) for cows fed a normal-starch diet with exogenous amylase added (Tricarico et al., 2005) .
Milk fat content averaged 3.30% for the RS diets compared with 3.08% for the NS-diet; only the comparison between the NS-and RS-diets approached a trend (P < 0.12). Ipharraguerre and Clark (2003) concluded from their review that the partial replacement of grains with soy hulls was effective for maintaining or slightly increasing milk fat content. Increased milk fat content in response to feeding cows reduced-starch diets was reported by Batajoo and Shaver (1994) and Beckman and Weiss (2005) . In our trial, the increase in milk fat content for cows fed the RS-diet compared with the NS-diet was likely related to effects of the greater intake of NDF and lower intake of starch on greater ruminal acetate concentrations and lower propionate concentrations (Allen, 1997) for the RS-diet. Although ruminal VFA were not measured in our study, these responses to feeding cows reduced-starch diets were reported by Ipharraguerre et al. (2002a) using soy hulls and by Batajoo and Shaver (1994) and Beckman and Weiss (2005) using a mixtures of nonforage fiber sources. Addition of exogenous amylases to normal-starch diets did not affect milk fat content in the trials of Tricarico et al. (2005) , Harrison and Tricarico (2007) , and Klingerman et al. (2009) or for our RS+ versus RS-diet comparison. Greater ruminal starch digestibility resulting from exogenous amylase addition (Klingerman et al., 2009) could reduce ruminal pH and acetate molar proportions and increase propionate molar proportions, possibly resulting in lower milk fat content (Allen, 1997) . However, dietary exogenous amylase addition has been found to increase ruminal acetate and butyrate molar proportions and decrease propionate molar proportions which could explain the similar milk fat contents for cows fed the RS-diet and the RS+ diet in our study. Furthermore, addition of exogenous amylases to normal-starch diets did not affect ruminal starch digestibility in the trial of Tricarico et al. (2005) . Tricarico et al. (2007) Treatments were normal-starch diet with no amylase added to TMR (NS-), reduced-starch diet with no amylase added to TMR (RS-), and reduced-starch diet with amylase added to TMR (RS+).
Week effect (P < 0.01) for all parameters. the dietary addition of exogenous amylase were the result of hydrolysis of starch to maltodextrins that can be used by amylolytic and nonamylolytic bacteria in cross-feeding mechanisms that modify VFA production. This premise requires further research. Milk protein content tended to be greater for cows fed the NS-diet (3.07 versus 2.99%; P < 0.06) and the RS+ diet (3.06 versus 2.99%; P < 0.10) than for cows fed the RS-diet. The review of Ipharraguerre and Clark (2003) found that the partial replacement of grains with soy hulls depressed milk protein content in agreement with our findings. Furthermore, the feeding of reduced-starch diets reduced milk protein content in the trial of Batajoo and Shaver (1994) . In our trial, the decrease in milk protein content for cows fed the RS-diet compared with the NS-diet was possibly related to the lower intake of starch reducing ruminal microbial protein production (NRC, 2001) for the RSdiet. Addition of exogenous amylases to normal-starch diets did not affect milk protein content in the trials of Tricarico et al. (2005) , Harrison and Tricarico (2007) , and Klingerman et al. (2009) . Greater milk protein content for cows fed the RS+ diet relative to the RS-diet could have resulted from greater ruminal starch digestibility increasing microbial protein production (NRC, 2001) . Values for MUN ranged from 11.1 to 13.0 mg/ dL across the treatments and was lowest for cows fed the NS-diet and greatest for cows fed the RS-diet (P < 0.01). Reduced MUN coupled with greater milk protein concentrations for the RS+ diet than the RSdiet seems to agree with the suggestion of Voelker and Allen (2003b) that lower ruminal amylase activity for a reduced starch diet may reduce rate of starch digestion and thus microbial protein production, which may have been enhanced by addition of exogenous amylase to the RS diet. Intraruminal dosing with starch reduced ruminal ammonia concentrations in lactating dairy cows more than dosing with NDF (Hristov et al., 2005) , which could explain the greater MUN for the RS-diet than the NS-diet. However, the partial replacement of dry ground shelled corn in a control diet with 10, 20, 30, or 40% soy hulls (DM basis) did not affect MUN (Ipharraguerre et al., 2002b) . Greater ruminal starch digestibility could explain the lower MUN for the RS+ diet than the RS-diet (NRC, 2001) . However, addition of exogenous amylases to normal-starch diets did not affect MUN in the trials of Tricarico et al. (2005) and Klingerman et al. (2009) . Least squares means by week of treatment for MUN are presented in Figure 2 ; there were week and week × treatment interaction effects (P < 0.01). Based on the weekly MUN results, it appears that 2 wk were required for adaptation to the RS diets. Evidence for a 2-wk adaptation period based on MUN data could not be found in the literature and further research is warranted. Treatment differences were relatively consistent across wk 3 to 12 of the treatment period.
Treatment effects on covariate-adjusted least squares means for BW, BW change, BCS, feed conversion, and estimated diet energy concentrations are presented in Table 6 . Body weight, BW change, and BCS were unaffected by treatment (P > 0.10). Feed conversion (kilograms of milk/kilograms of DMI) was 12% greater (P < 0.01) for cows fed the RS+ diet than for cows fed the RS-diet and tended to be greater (P < 0.06) for cows fed the NS-diet than for cows fed the RS-diet. Least squares means by week of treatment for feed conversion (kilograms of milk/kilogram of DMI) are presented in Figure 3 ; there were week (P < 0.01) and week × treatment interaction (P < 0.05) effects. The difference between the RS+ and RS-diets was consistent throughout most of the treatment period. Feed conversion for FCM (kilograms of 3.5% FCM/kilogram of DMI) was 12% greater (P < 0.02) for cows fed the RS+ diet than for cows fed the RS-diet and tended to be 7% greater (P < 0.10) for cows fed the RS+ diet than for cows fed the NS-diet. Similar treatment effects as those observed for FCM feed conversion were also observed for SCM and ECM feed conversions. Estimated diet energy content (megacalories of NE L /kilogram of DM), calculated using ECM, BW, BW change, and DMI data, was 12% greater (P < 0.02) for cows fed the RS+ diet than for cows fed the RS-diet and tended to be 8% greater (P < 0.10) for cows fed the RS+ diet than for cows fed the NS-diet. The literature regarding partial replacement of grains with soy hulls, feeding reduced-starch diets, and addition of exogenous amylase to diets is largely comprised of short-term switchback trials where measurements of energy utilization were not performed. In view of our observations regarding energy utilization for these diets, more research on continuous lactation is warranted.
Treatment effects on least squares means for apparent total tract nutrient digestibilities and serum insulin concentrations are presented in Table 7 . Digestibility measurements were taken during wk 8 of the treatment period, and the DMI data for this week are provided in Figure 1 . Dry matter digestibility ranged from 66.6 to 74.7% across the treatments and was lowest for cows fed the NS-diet and greatest for cows fed the RS+ diet (P < 0.01). Similar treatment effects as those observed for the NS-diet versus the RS+ diet comparison for DM digestibility were also observed for that comparison for OM, CP, NDF, and starch digestibilities. Dry matter and nutrient digestibilities were greater (P < 0.01 to P < 0.05) for cows fed the RS+ diet than for cows fed the RS-diet, with the exception of starch digestibility, which was similar (P > 0.10).
The observed greater apparent total tract nutrient digestibilities for reduced-starch diets concurs with the review of Firkins (1997) and was likely caused by reduced negative associate effects of starch on ruminal fermentation (Firkins, 1997) . Greater apparent total tract NDF digestibility for cows fed the RS-diet than for cows fed the NS-diet could also be partially explained by the inherently high fiber digestibility of soy hulls (Firkins, 1997) . The observed effects of the dietary addition of exogenous amylase on apparent total tract nutrient digestibilities were similar to those reported by Klingerman et al. (2009) and tend to support the ruminal cross-feeding hypothesis of Tricarico et al. (2007) that was described earlier. There are several possible explanations for the lack of difference in starch digestibility when exogenous amylase was added to the reduced-starch diet: 1) starch digestibility was not affected ruminally (Tricarico et al., 2005) or postruminally, 2) starch digestibility was increased ruminally (Klingerman et al., 2009 ), but postruminal compensatory starch digestion (Taylor and Allen, 2005) resulted in similar total tract starch digestibilities for the 2 treatments, and 3) starch digestibility was increased ruminally, but hindgut fermentation (Firkins, Treatments were normal-starch diet with no amylase added to TMR (NS-), reduced-starch diet with no amylase added to TMR (RS-), and reduced-starch diet with amylase added to TMR (RS+).
Week effect (P < 0.01).
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Week × treatment interaction (P < 0.05). Treatments were normal-starch diet with no amylase added to TMR (NS-), reduced-starch diet with no amylase added to TMR (RS-), and reduced-starch diet with amylase added to TMR (RS+). Week (P < 0.01) and week × treatment interaction (P < 0.05) effects. 1997) resulted in similar total tract starch digestibilities for the 2 treatments. Clearly, more research is needed regarding the mode of action for effects of the dietary addition of exogenous amylase on nutrient digestion.
Serum insulin concentrations for samples obtained 12 h after feed withdrawal and immediately before feeding were lower (P < 0.05) for cows fed the RS+ diet than for cows fed the RS-diet. Other than lower nutrient intakes for cows fed the RS+ diet than cows fed the RS-diet, we have no explanation for this finding. At 2 h post-feeding, serum insulin concentrations were unaffected by treatment (P > 0.10). Either the reduced DMI observed for cows fed the NS-diet compared with the RS-diet cannot be explained based on an increased insulin-related depression in feed intake (Bradford and Allen, 2007) , or a single time point post-feeding was not sufficient to assess differences in serum insulin concentrations between treatments. Alternatively, differences in ruminal propionate concentrations may have been sufficient to alter meal patterns and thus DMI (Allen et al., 2009 ), but not serum insulin concentrations.
CONCLUSIONS
Feeding a reduced-starch diet formulated by partially replacing corn grain with soy hulls compared with a normal-starch diet, without addition of exogenous amylase to either diet, resulted in greater intakes of DM, OM, NDF, and CP but lower starch intake; greater apparent total tract nutrient digestibilities; and greater FCM, SCM, and ECM yields. Addition of exogenous amylase to the reduced-starch diet resulted in lower DM and nutrient intakes; greater apparent total tract nutrient digestibilities (except for starch, which was similar); lower MUN; and greater milk, FCM, SCM, and ECM feed conversions. The greater conversion of feed to milk for dairy cows fed reduced-starch diets with inclusion of exogenous amylase may offer potential for improving economic performance, depending on diet and additive costs. 
